and sufficiently fine-grained. The mercury arc used was a Hanovia 150 W lamp with oxide coated electrodes. It gave a few weak lines in addition to the mercury lines but these were not troublesome. It was placed at one focus of an elliptical mirror and the Raman observation tube at the other. The wave-lengths of the Raman lines were determined by a Hartmann interpolation formula and also checked against standard iron arc lines. The frequencies recorded cannot be in error by more than 5 cm.-1. R e f e r e n c e Hemptinne, M. de, Jungers, J. and Delfosse, J. M. 1938 Ghent. Phys. 6, 319.
Here three maxima were obtained at 1965, 1982 and 1992 cm.-1 and in dications of more structure. These results show that the association of H.C1 and DC1 molecules in the crystal below the transition temperature can probably take place in several different ways. Such a conclusion is in agreement with the X-ray investigations which revealed a symmetry so low that the crystalline structure could not be determined.
It has long been known that at 98° K crystalline hydrochloric acid exhibits a transition point, but what exactly takes place in this transition has never been settled. Above 98° K the crystal possesses cubic (close packing) symmetry but on cooling below this temperature the symmetry alters to a very much lower order (Simon and Simon 1924) : simultaneously there is a very sudden drop in the dielectric constant (Cone, Dennison and Kemp 1931;  Smyth and Hitchcock 1933) and in the specific heat (Eucken and Karwat 1927) . The density shows a slight increase over the same temperature range. One explanation which has been proposed to account for all these phenomena is that above 98° the molecules are free to rotate about their mean positions while below that temperature the HC1 dipoles may be regarded as fixed in the lattice. One of the most direct means of obtaining evidence of such rotation would appear to be an investigation of the vibration-rotation spectra of HC1 above and below the transition point. Such an investigation was first made by Hettner (1932 Hettner ( , 1934 who obtained some surprising results from which however no definite con clusion could be reached. A later investigation by Shearin (1935) , confined to the absorption spectrum below the transition point, gave results in disagreement with those of Hettner. From Shearin's results it appeared definite that rotation was taking place below the transition temperature. A simultaneous investigation on the Raman spectrum at temperatures just below the melting point (i.e. considerably above the transition point) by Callihan and Salant (1934) yielded results in substantial agreement with those of Hettner for that region. It was with the object of clearing up some of the apparent contradictions in the above work, and of obtaining more clear-cut evidence regarding the hypothesis of molecular rotation in the solid that the present investigation was undertaken. The spectrometer and absorption cell have already been described in the preceding paper. It is necessary however to record certain experi mental details as the spectrum obtained was not always reproducible in detail in spite of every attempt to make the conditions of observation exactly the same in each case. This does not simply mean that there were small irregularities in the plot of the spectrum, such as occur from experi mental error in all infra-red work, but that a characteristic point, such as the position of maximum absorption, varied between small but definite limits.
The hydrogen chloride was prepared by the action of sulphuric acid on, ammonium chloride. I t was dried by passing through concentrated sulphuric acid, was condensed by liquid nitrogen and re-evaporated, only the middle portion being collected. A peculiar phenomenon which had been noticed previously by Giauque and Wiebe (1928) , was also observed by us, viz. the occurrence of a pink form of the normally white solid. When the acid was condensed in vacuo on to a glass surface previously cooled to the temperature of liquid nitrogen, a bright reddish pink coloration was obtained. This colour disappeared quickly on allowing it to warm up and re-cooling this white form did not bring back the colour. If on the other hand a small reservoir containing HC1 was immersed in liquid nitrogen so th at it condensed more slowly the coloured form was hardly ever obtained. The intensity of the colour varied from a very faint pink to a very deep red but in an unpredictable manner. No serious attem pt was made to investigate this phenomenon as the absorption spectrum did not exhibit corresponding vagaries. I t might be added, however, that Giauque and Wiebe were unable to get rid of it using drastic purification processes, and that we still found it in some later work in which the HC1 was prepared by the action of distilled water on phosphorous trichloride of B.D.H. preparation.
The HC1 gas was admitted to the absorption cell after the base of the latter had been immersed in liquid nitrogen for some 10 or 15 min. The correct amount to admit to give a layer of suitable thickness was found by trial and error. If we assume that the HC1 formed a uniform layer on the mirror then the thickness of the layer would have been approximately 0*5 ji. Since some of the HC1 certainly condensed on the sides of the cell as well as on the base it might seem reasonable to take the above figure as an upper limit to the thickness. This is not a safe assumption however, as later experiments on germane indicated that the layer was thicker in the centre of the mirror than round the edges.
In making the first plots of the spectrum we did not find the percentage absorption at each point but simply recorded a total energy curve (figure 1). This was possible because the region in which we were working is practically free from atmospheric absorption. When once a plot had been made of this energy background it was therefore unnecessary to repeat it each time 33-2 provided its intensity was determined at one or two points in the course of the run. In practice, this saving of work proved indispensable if we wished to cover the whole absorption spectrum in one run under high dispersion. It was important also to get the spectrum plotted as quickly as possible in order to be able to verify that changes were not taking place in the spectrum of the layer with time, and to make other such tests before the liquid air had to be replenished, as the latter could not be done without disturbing conditions. The slit widths employed are indicated on the diagrams and were generally of the order 1*5 cm. by Shearin were about 10 cm.-1 apart we should have had no trouble whatever in picking them up. Our resolving power was of course much higher than that available to Hettner who employed a simple fluorite prism. The general form of the absorption curve found by us is shown in figure 1 (curve b) where it is contrasted with that found by Shearin (curve a). It will be seen that it differs entirely from Shearin's but closely resembles that found by Hettner which is reproduced in figure 2. A possible explanation of the curious curve obtained by Shearin is that the variations found by him are due, not to HC1, but to water vapour in the atmosphere. This suggestion may seem contrary to our earlier remark that there is no appreciable atmospheric absorption in this region. It must be remembered however that Shearin was using the fourth order of a grating with 800 lines to the inch and so if separation of orders were in complete he would have superimposed on the 2700 cm.-1 radiation the fifth order of 3340 cm.-1 radiation. The latter radiation is very strongly absorbed by water vapour. We have tried to see whether some of the strongest of Shearin's lines can be explained in this way. It seems quite probable that the two strongest lines which he denotes as + 4 (2718 cm.-1) and -4 (2622 cm.-1) are really the fifth order of water vapour lines re corded by Plyler and Sleator (1931) at 3397 cm.-1 and 3277 cm.-1.
In our earlier plots (Lee, Sutherland and Wu 1938) we were troubled by the fact that neither the relative intensities of the two peaks nor the exact positions of their maxima were quite reproducible. The former was finally traced down to having too thick a layer and not having entirely compensated for the effects of the short-wave radiation. The combination of these two factors meant that there was complete absorption for one peak when it seemed that the absorption was only about 85% complete. The latter trouble has not yet been completely cleared up but it seems to have been largely due to variations in intensity in the short-wave radiation which again was not completely compensated for in the earlier experi ments. It was only in the later experiments that the compensating shutter (which reflected the same amount of short-wave radiation as the filter shutter) was introduced. Also in the later experiments the background was plotted point by point simultaneously with the absorption. The typical curve obtained from those later experiments is shown in figure 3 . Here it will be noticed that the two peaks are completely separated and are very similar in appearance being very steep on the long wave side and falling off more slowly on the short wave side where indeed they show definite signs of structure. Very weak maxima and minima were also observed at both ends of the main region of absorption and on two occasions a quite definite minor peak was found at 2777 cm.-1. It may be remarked that Hettner observed similar weak maxima at the long wave end of the ab sorption region. In fact our results generally substantiate Hettner's and our higher resolving power has enabled us to show that indications of a fine structure do exist but it is entirely different from that reported by Shearin. Regarding a slight variation in the position of maximum ab sorption of the lower frequency peak (between 2704 and 2714 cm.-1) observed in the earlier runs it is interesting that there is a variation in the position of this absorption maximum in the two papers of Hettner. The first paper shows it very close to 2715 cm.-1 while the later paper gives it at 2708 cm.-1. We tried the effect of condensing the HC1 at a temperature considerably above that of liquid nitrogen and then subsequently cooling to that temperature but the resulting curve was the same as that obtained by immediate condensation on a surface at liquid nitrogen temperatures.
I n f r a -r e d spe c t r u m o f DC1
The spectrum of crystalline deuterochloric acid was next investigated under the same conditions as it was hoped that the explanation of the two absorption peaks might be helped forward if one knew how they were affected by the substitution of deuterium for hydrogen. The DC1 was prepared from D20 obtained from the Nordiska Co. (purity 99-6%) and PC13 of B.D.H. preparation, and purified in the same way as the HC1. We might remark that the pink form was again occasionally obtained but the coloration was much fainter.
The region of the absorption was now not free from water vapour lines. As before we plotted the energy background simultaneously and calculated percentage absorption for each individual point. The results are shown in figure 4 in which we have also included the strongest water vapour lines of the background to make it clear that certain kink in the DC1 curve are probably due to their presence. The ^general form of the absorption is markedly different from that of HC1 in that it exhibits a third absorption maximum. This was carefully checked and there can be no doubt about its reality. The temperature of deposition of the layer was that of liquid nitrogen.
R aman spe c t r u m o f HC1
The preparation and purification of the HC1 were exactly as for the absorption spectrum just described. The gas was first condensed as a liquid, which was subsequently frozen and cooled to the temperature of liquid nitrogen where it was held during the whole of the exposure. The apparatus has been described in the preceding paper. Two Raman lines were observed, the frequency shifts being 2709 ±5 and 2759 ±5 cm.-1. The lines were not sharp, each one being about 15 cm.-1 broad, and the high frequency one was the weaker of the two. This corresponds to the intensity relationship found in absorption. and Salant (Callihan and Salant 1934) showed a single broad line with a maximum at 2764 cm.-1. This was done, however, just below the meltingpoint (about 155° K) and so a long way above the transition point. It agrees very well with the single absorption maximum found by Hettner (Hettner 1934) at 2768 cm.-1 for HC1 above the transition point. The
Raman spectrum of the liquid also shows only a single rather broad frequency with its maximum at 2770 cm.-1 (Salant and Sandow 1931) i*1 spite of a recent attem pt to search for a second frequency (Vodar, Freymann and Ta 1938) .
D is c u s s io n
The general substantiation of Hettner's observations as opposed to those of Shearin is the first important result of this investigation. Even if the structure reported by Shearin had been confirmed, it could hardly have been interpreted as due to rotation of the molecule in view of the recent work of West (1939) who has shown that all trace of rotational structure disappears for the gaseous spectrum at high pressures. Moreover no rotational structure has been observed in the liquid nor in the solid above the transition point (West 1939; Hettner 1932 Hettner , 1934 and below the transition point is the least likely region of all for free rotation of the molecules to take place. We have remarked that in our curves there have been indications of fine structure. Wfiatever this structure may be due to (and we shall discuss its interpretation later) it cannot be a rotational fine structure. We shall consider first what light our work throws on the gross structure of this absorption band.
The most puzzling feature is the doublet structure as compared with the single absorption maximum found above the transition temperature and in the liquid. We have now resolved the doublet into two quite distinct bands and we have found indications of a weak third maximum at 2777 cm.-1. We have also found that the corresponding absorption in solid DC1 consists of three maxima. These facts when taken with H ettner's observation th at at temperatures below 37 K. a third peak appears at 2777 cm.-1 (which is of greater intensity than the other two) make it appear likely th at there are three separate maxima of absorption in solid HC1 below the transition point and that the relative intensity of the three absorptions depends on the temperature of observation and possibly on the conditions of deposition. The question as to why there should be more than one maximum of absorption has been discussed by Hettner. He has shown conclusively th at the doubling cannot be the unresolved contour of a vibration-rotation band and th at it is extremely unlikely that it is due to combination of the intramolecular HC1 frequency with an intermolecular lattice frequency as the magnitude of the latter fails to account for the specific heat curve. The isotope effect provides additional evidence against the hypothesis of a lattice frequency, as the latter would not be expected to alter very much in substituting deuterium for hydrogen in a molecular lattice. This would mean that the doublet separation would have remained practically unchanged in going from HC1 to DC1, whereas it was found to alter almost exactly by a factor of <J2. This is just what one would obtain from the individual alteration of each frequency by that factor.
The recent work on the effect of association between molecules on the intramolecular frequencies of the individual molecules is very relevant to this problem. It has been found by several workers that association between molecules (such as water, certain alcohols and acids) containing an OH group alters the frequency of that group by roughly 200-400 cm.-1 depending on the strength of the so-called " hydrogen bond" thus formed. Now this is exactly the same order of magnitude as the change in frequency from gaseous HC1 (2889 cm.-1) to solid HC1 (2701 and 2744 cm.-1). There must, therefore, be a very strong interaction between the neighbouring HC1 molecules in the solid and even in the liquid state (2785 cm.-1). The simplest explanation of the multiple absorption maxima is that the HC1 molecules may 'associate' in more than one way. The presence of the two well established maxima would show that there are two main modes of association but the presence of the third peak on certain occasions shows that a third structure is possible though presumably much less stable than the other two, except at very low temperatures. This interpretation would also explain why the X-ray studies of HC1 below the transition point re vealed such a very low symmetry, whereas above the transition point where the X-ray studies give a normal cubic structure, the absorption found by Hettner had a single peak. In this connexion we might mention the work of Vodar and others (Vodar 1938) on the infra-red spectrum of liquid HC1 in the region of the second overtone. They observed in addition to the normal band at 8130 cm.-1 a much weaker band at 7752 cm.-1. They have suggested that the former absorption corresponds to free HC1 molecules in the liquid while the latter corresponds to associated molecules. This additional band reported by Vodar al. has not been found in the neighbourhood of the fundamental nor of the first overtone and may therefore be spurious. If it is real, then we would modify the explanation given by those authors and suggest that the two bands in the liquid corre spond to two different modes of association already taking place in the liquid. We do not believe that such a thing as a 'free' HC1 molecule exists in the liquid in view of the large shift in frequency which occurs in going from gas to liquid.
As regards the detailed structure of the absorption spectrum which we observed, it is clear from figure 3 that the low frequency side of each maximum is considerably steeper than the high frequency side. Although it is on the latter that the main signs of a fine structure appear there are also a few weak humps at each high frequency extremity. These seem to be quite real and have also been noted by Hettner, though he only reports them on the long wave extremity of the long wave maximum. Hettner has suggested that these are due to an interference effect but this seems very improbable in view of the fact that the thickness of the layer (about 0-5/0 is only a fraction of the wave-length of the incident radiation (3-7/0 and that we have observed them at both ends of the absorption region. It seems much more probable that they are due to combination with very low lattice frequencies of the main intramolecular frequency. For such combination bands at low temperatures one would expect the summation bands on the high-frequency side would be much more intense than the difference bands on the low-frequency side. This would account for the unsymmetrical shape of each absorption peak. A tabular summary of our results is given below together with those of earlier workers. It will be noticed that our values are slightly lower than Hettner's. Since we used a grating instrument of considerably higher I n f r a -r e d a n d R aman spe c t r a o f HC1 a n d DC1
